This paper aims to establish a technique for easy concrete recycling as a solution essential for the creation of a closedloop recycling society. The technique introduced in this study enables improvement of the recovery rate of original aggregate by enhancing the peeling-off effect of aggregate without any degradation of mechanical properties. The enhanced peeling-off effect is realized by applying a surface improving agent to the aggregate. In this paper, material tests were conducted on recycled aggregates with low quality and middle quality. In the test, two types of surface improving agent, an oil-type improving agent and a silane-type improving agent, were used. The test results have shown that the recycled aggregate finished with silane-type improving agent was greatly improved in recovery rate but showed lowered strength. On the other hand, the recycled aggregate finished with oil-type improving agent was somewhat superior in recovery rate compared with non-finished aggregate. In addition the oil-type improving agent improved hardening properties. Flexural tests of reinforced concrete beams were conducted only for the oil-type improving agent. Consequently, the possible applicability of recycled aggregate finished with oil-type surface improving agent was verified.
Introduction
The recycling system for concrete is now being significantly improved under heightened environmental awareness and pressing requests for recycling along with the JIS standardization of high-quality recycled aggregate for widespread use. On the way to establishing a recycling-oriented society, the reverse process, which requires advanced techniques like heat treatment and the rubbing method, still faces many hurdles (Shima et al. 2005 , JCI 2005 ) such as energy-saving, costsaving, and the treatment of byproducts such as powder. The labor-saving design of the reverse process is essential for the easy attainment of a closed loop. Paying particular attention to these technical points, this study aims to establish a technique enabling the easy recycling of concrete.
The technique introduced to Concrete with Easy-toCollect Aggregate (Tamura et al. 1997) in this study is an easy process that applies surface improving agent to aggregate. This technique enhances the peeling effect of aggregate from cement matrix without degrading mechanical properties and reduces the high water absorption of recycle aggregate.
The objectives of this study are to establish the technique for easy concrete recycling with a surface improving agent and to consider the applicability to architectural structures. Then, following subjects are discussed in this study: -clarification of the influence of surface improving agent on the properties of recycled coarse aggregate, -investigation of the mechanical properties of concrete of recycled aggregate finished with a surface improving agent, -peeling-off effect regarding recovery properties, -durability of recycled aggregate concrete using a surface improving agent, and -examination of flexural properties of reinforced concrete beams.
Characteristics of recycled coarse aggregate 2.1 Quality
The qualities of the recycled coarse aggregate used in this study are listed in Table 1 . The recycled coarse aggregate referred to as middle-quality is screw-ground with a tertiary crushing after rough crushing with a jaw/cone crusher, and its particle size is adjusted so that the grain is ranged within the standard particle size specified in JIS. On the other hand, the recycled coarse aggregate referred to as low-quality is ground only without screw grinding and particle size adjustment.
The particle size distribution curves of both types of recycled aggregate are shown in Fig. 1 . For the test materials, middle-quality recycled aggregate was produced in the laboratory and its mix proportions were known. Waste concrete of unknown mix proportions and for use as sub-grade material was purchased as low-quality recycled aggregate. The mix proportions of the original concrete of the middle-quality recycled aggregate and the test results of the concrete are listed in Table 2 and Table 3 , respectively.
Content of paste and mortar in recycled coarse aggregate
The inclusion of a large amount of cement paste in recycled aggregate has been reported to boost water absorption and negatively affect the properties of hardened concrete. This is because cement paste is more porous than aggregate. Consequently, the content of cement paste is a typical index of the quality of recycled aggregate. In this study, the constituents in recycled coarse aggregate were determined with a chlorine dissolution process. The results are shown in Fig. 2 . The difference in cement paste content between middle-and lowquality recycled coarse aggregate is approximately three times, and that of mortar content is about two times. About 30% of the total weight in middle-quality aggregate and more than 50% in low-quality aggregate are mortar. This fact suggests that the grinding effect of tertiary crushing has reduced the mortar deposit rate of middle-quality recycled coarse aggregate. By contrast, in the low-quality recycled coarse aggregate, the mortar deposit rate has not been reduced by rough crushing only.
Characteristics of coated recycled coarse aggregate

Types of surface improving agent
The surface improving agents used in this study are oiland silane-type agents. The silane-type agent is patented (TOYO INK MFG. Co., Ltd. 1995). Table 4 lists their respective applications and main constituents (Tsuji et al. 2002 , Wang 2003 . Schematic diagrams of the effects of surface improving agents are shown in Figs. 3 and 4.
Water absorption of coated recycled coarse aggregate
The surface improving agent, dispersed in water with a specific concentration, was applied through repeated spraying and drying cycles. The number of repetitions required to obtain a stable coating was four times. The water absorption test was conducted according to JIS A 1110. The test results of water absorption according to the number of repetitions are shown in Fig. 5 . Reduction of water absorption is not proportional to the number of repetitions. This may be due to uneven application over whole recycled coarse aggregate including paste parts with high water absorption. Ultimate water absorption is 3.5% for the oil-type agent and 1% for the silane-type agent, indicating that the reduction effect on water absorption of the silane-type agent is higher than that of the oil-type agent.
Tests for recycled concrete using coated recycled coarse aggregate
Types of concrete and mix proportions
The types of concretes and mix proportions are listed in Table 5 . Two types of recycled coarse aggregate were used, i.e., middle-and low-quality recycled coarse aggregate. Three types of surface treatment were applied, i.e., no treatment (N), oil-type treatment (O), and a silane-type treatment (S). Concrete was made with two levels of water/cement ratio, i.e., 60% and 40%. Thus, twelve types of concrete in all were prepared. For the mechanical properties and peeling-off tests, two types of aggregate, crushed stone and river gravel, were added for comparison with ordinary concrete. In addition, crushed stones and river gravel finished with oil-type agent were also added.
Ordinary Portland cement (density: 3.16 g/cm 3 ) was used as cement. Oigawa River sand with a surface dry density of 2.59 g/cm 3 , water absorption of 0.59% and fineness modulus of 2.66 was used as fine aggregate. The mix proportions were selected so that the recycled concrete using untreated coarse aggregate satisfies the target properties in a fresh state listed in Table 5 . Supplemental air-entraining agent was used if the targeted air volume was not obtained. The aggregates treated Coating formation of alkali metal salt Calcium ion
Alkali metal salt film Water-repellent coating is formed on the surface of aggregate.
silanol to form siloxane cross-link. (Hasegawa, 1999) . with surface improving agent were used under air-dry condition to prevent separation of the agent under water, especially in the case of the silane-type agent.
Fresh Property
The slump values of concrete are shown in Fig. 6 . For the middle-quality level, the slump values of coated coarse aggregate are almost similar to those of untreated coarse aggregate. Accordingly, for the middle-quality level, sufficient fluidity can be achieved by using aggregate finished with surface improvement agent. The fluidity obtained without surface drying indicates that an alkali metallic salt film due to the oil-type agent and a water repellent coating due to the silane-type agent are formed to reduce water absorption of aggregate. By contrast, for low-quality aggregate, the amount of fine particles of aggregate in itself is more than three times greater compared with middle-quality aggregate. This greater amount of fine particles would result in a decrease in fluidity, although a film similar to that of middle-quality aggregate was formed on the aggregate itself. Thus it is concluded that in the use of low-quality aggregate containing an abundant amount of fine particles, the adjustment of admixture is needed to provide against the decrease in slump. Compared with the slump values of untreated aggregate, the decreasing rate of slump values of aggregates finished with surface improvement agent shows no significant difference at 30 minutes after mixing. This may be due to the fact that the water absorption of treated aggregates is low due to film formation.
As for the amount of air, as stated in the previous section, no significant result was recognized owing to the mixture of air-entraining agent to obtain the desired amount of air. The amount of air-entraining agent used was the standard level.
Experiments on mechanical properties
The compressive strength test, test for static modulus of elasticity, and split tensile strength test were conducted at the age of 28 days according to JIS A 1108, JIS A 1149, and JIS A 1113. The compressive strength test and modulus of static elasticity results are shown in Fig. 7 and the relationship between the compressive strength and splitting tensile strength test results is shown in Fig.  8 .
The main concern regarding surface modification treatment is a significant decrease in strength due to peeling-off and variations in strength. If decrease and/or variations in strength occur, it is difficult to apply an existing structural design. Therefore, a discussion has been made to investigate if the concrete using coated recycled coarse aggregate is equal in mechanical properties compared with normal concrete.
In Fig. 7 , compressive strength can be seen to slightly increase in the concrete with a W/C of 60% made using recycled coarse aggregate treated with the oil-type agent. This increase may be due to the air-dry condition of the aggregate. The compressive strength of aggregate finished with an oil-type agent reaches the level equal to that of ordinary concrete. Accordingly, it is considered that the middle-quality aggregate of W/C = 60% is effective in the increase of strength with no decrease of fluidity. In addition, Young's modulus tends also to increase with increased strength. An oil-type agent would be effective to improve Young's modulus of recycled concrete abundant in paste. The above results show that the structural design similar to existing methods may be possible for recycled aggregate concrete using the oiltype improving agent. The strength reduction in the concrete with W/C of 40% may be due to film forming, causing a reduction in bond strength between the aggregate and cement matrix. However the strength decrease is only 10% compared to the untreated specimens. Consequently, sufficient strength may be obtained through the application of the oil-type agent. The strength tends to decrease if river gravel at W/C = 40%, i.e., an aggregate of high solid volume percentage in the highstrength area, is used. Caution should be exercised during structural design, although no serious problem would occur because strength of about 40 N/mm 2 is ensured.
By contrast, in all specimens treated with the silanetype agent, considerable strength reduction was observed, which may be due to significantly weakened bonding properties. Calculation of strength by using a universal estimating equation is difficult. Regarding the use of aggregate finished with a silane-type agent, reconsideration based on the collection of additional data is needed.
In this experiment, three test specimens were tested for each test level. For R-O-40 only, a test specimen with compressive strength 5% below the average was found. The other test levels are likely to present few quality control problems because the variations in strength are all limited to within 3%.
Next, the splitting tensile strength of concrete finished with surface improving agent should be considered because it may decrease significantly due to peeling-off regardless of compressive strength. As shown in Fig. 8 , no test specimen was found to exhibit a significant decrease in splitting tensile strength compared with compressive strength. The splitting tensile strength is well matched by the existing regression equation (Noguchi et al. 1995) . This fact indicates that compressive and tensile strength are lowered at the same level. Accordingly, the existing general-purpose equation can also be applied for surface improvement aggregate. The above results indicate that the existing equations can be used to estimate the mechanical properties of aggregate finished with an oil-type agent and the applicability of concrete finished with surface improving agent as a structural material.
Finally, a compressive test was conducted for test samples aged 984 days in water to discuss the decrease in strength due to the degradation of the surface improving agent under an alkaline environment over a long duration. The test results are shown in Fig. 9 . An increase in strength was recognized for all test levels and the test results show a behavior similar to that of ordinary concrete compared with the compressive strength of 28-day aging. Consequently, the property of long duration can be evaluated as that of 28-day aging. This fact suggests that the aggregate finished with surface improving agent can be fully used even in a water environment for a long duration.
In future, the application to an architectural structure could be established by: -conducting repeated tests of warm-cool and dry-wet cycles, -considering the fire resistance, including mechanical behaviors at high temperatures, and -conducting an exposure test over a long duration of time.
Experiments on peeling-off effect (recovery of original aggregate)
The importance of the peeling-off effect lies in, as shown in Concrete with Easy-to-Collect Aggregate (Tamura et al. 1997 ), recycling at low energy and maintaining aggregate size. In this study, the area of aggregate on the split surface of the specimen was measured by means of image analysis as proposed by Noguchi et al. (Noguchi et al. 2001 ) following execution of a split tensile strength test to evaluate the peeling-off effect of surface improving treatment and the recovery of original aggregate. The peeling-off effect was determined by the ratio of the aggregates that are peeled at the coated surface to total recycled aggregates. To clearly distinguish between the peeled aggregates and the crushed aggregates, specimens were prepared by adding a red pigment of iron oxide in the amount of 3% of the cement weight. The results of image analysis on the peeling-off effect in concrete are shown in Fig. 10 . As shown in Fig. 10 , the peeling-off of a silane-type agent is highly effective. This fact suggests that aggregate finished with a silane-type agent can be recycled with an easy recovery system with low energy requirement and maintaining aggregate diameter. Thus, although silane-type agent is considered to be vastly superior in recycling effect, a trade-off relationship exists between the peeling-off effect and strength, as previously described. How to balance the peeling-off effect with strength must be studied by investigating the amount of application.
By contrast, it is indicated that the use of crushed Fig. 10 Results of image analysis on peeling-off effect in concrete. . stones of poor grain shape and of acute angle in normal aggregate treated with the oil-type agent results in low peeling-off effect, and the use of river gravel of rounded smooth grain and smooth surface results in high peeling-off effect. River gravel is considered not to hinder the development of cracks when stress occurs at the interface part. In this condition, although significant decrease in split tensile strength is a concern, river gravel maintains sufficient strength as stated previously. Thus, the decrease in split tensile strength poses no particular problem in practical use. In addition, for the middle-quality recycled aggregate finished with an oiltype agent, the peeling-off effect is not so effective because the low strength part of old mortar is lower than the peeling strength. However, the test results obtained indicate that the peeling-area percentage is higher by 10% compared with non-treated aggregate. Thus it can be concluded that the application of an oil-type agent is effective.
The results show that a silane-type agent has sufficient peeling-off effect for low-quality aggregate of rich paste and, on the other hand, an oil-type agent has high peeling-off effect for hard aggregate such as river gravel of rounded smooth grain.
Resistance to carbonation
An accelerated carbonation test was conducted by using cylindrical test specimens with a diameter of 100 mm and a height of 200 mm under the testing and aging condition specified in JIS A 1153. The carbonation depth was determined according to JIS A 1152. Figure 11 shows the relationship between the root of the duration of aging, up to 91 days, and the carbonation depth determined by an accelerated test. The coefficient of velocity of carbonation ("a" value in Fig. 11 ) was also calculated from a regression equation through the origin on the assumption that linearity exists between the two axes.
For both W/C = 60% and 40%, the aggregate concrete finished with oil-type surface improving agent is most resistant to carbonation. This phenomenon may be due to the air-dry condition of the aggregate in the course of concrete depositing. Accordingly, the actual water/cement ratio decreases and the effect of increased resistance of the cement matrix is considered. For middle-quality aggregate, significantly non-lowered fluidity of concrete may result in possible improvement of resistance to carbonation of the concrete with recycled aggregate treated with the oil-type agent. By contrast, although concrete of aggregate finished with a silane-type surface improving agent uses also the air-dry condition of the aggregate, carbonation is more developed. In the case of the silane-type agent, re-emulsifying followed by dissolution may adversely affect the hydrolysis of cement. A solution to this problem is needed.
Experiments on drying shrinkage
A drying shrinkage test was conducted according to a dial gauge method specified in JIS A 1129-3. Specimens were removed from moulds at the age of one day and cured in water up to the age of nine days, followed by dry condition at 20 degrees and 60% R.H. Figure 12 shows the experimental results of drying shrinkage and mass change and the predicted values of drying shrinkage up to the age of 726 days, which are calculated using AIJ equations (AIJ 2006) for natural aggregate concrete (hereinafter referred to as ordinary concrete) with the same mix proportions. In the case of W/C of 60%, the drying shrinkage of concrete containing recycled aggregate treated with the oil-type agent is smaller than that of non-treated aggregate and aggregate finished with a silane-type agent. The drying shrinkage of middle-quality aggregate is smaller by 10% compared with that of untreated aggregate. The reduction of mass in concrete containing recycled aggregate treated with the oil-type agent is smaller than that of untreated aggregate and almost equal to that of ordinary concrete, which may indicate the absence of any significant problem in practical use. The silane-type agent was observed to have very little effect on drying shrinkage and mass change.
In the case of W/C of 40%, the drying shrinkage of concrete containing recycled aggregate treated with the oil-type agent is smaller than that of concrete with un- 
Weight rate of change AIJ shrinkage strain prediction equation treated aggregate. The oil-type agent is effective in the reduction of drying shrinkage regardless of the water/cement ratio, which gives concrete structures long service life and leads to sustainability. Figure 13 shows the experimental results and predicted values calculated with an AIJ equation (AIJ 2006) for the change in specific creep strain in ordinary concrete with the same mix proportions as those of recycled aggregate. The specific creep strain was calculated so that both the elastic strain at loading and the drying shrinkage strain were subtracted from the total strain.
Experiments on creep
The specific creep strain in recycled aggregate concrete is greater than that in ordinary concrete regardless of the water/cement ratio. This phenomenon may be due to the paste content in concrete made using recycled aggregate.
Concrete with recycled aggregate treated with the oiltype agent shows nearly the same amount of change in creep behavior as concrete with untreated aggregate, which proves that the oil-type surface improving agent has no significant influence on creep. By contrast, the creep strain of concrete with recycled aggregate treated with a silane-type agent is very large. This phenomenon may be from the result of the decreased bond strength at the interface between the aggregate and cement paste.
Experiments on flexural properties of rein-
forced concrete beams using aggregate treated with surface improving agent 4.8.1 Outline Flexural tests have been conducted in reinforced concrete beams made using concrete with aggregate treated with surface improving agent, except for concrete with aggregate treated with a silane-type agent, which was greatly reduced in strength in spite of excellent aggregate recovery, and whose use for structures was considered problematic. The aim of the flexural test is to evaluate the strength and the cracking resistance of the concrete with aggregate treated with the oil-type agent, and to check practical use compared with ordinary concrete made using crushed virgin aggregate. The outline of loading is shown in Fig. 14. Figure 15 shows the experimental results and calculated values obtained by substituting the mechanical properties at loading age into the equation. As shown in this figure, cracking moment in recycled coarse aggregate concrete is slightly smaller than that in ordinary concrete. However, no singular point is recognized in the concrete with recycled coarse aggregate treated with the oil-type agent, and the experimental results are nearly equal to the calculated values. Therefore, a conventional equation for designing can be used to predict a bending moment causing cracks.
Cracking moment
Cracking behavior
Regarding the investigation of the properties of cracks against long-term allowable stress, Figs. 16 and 17 show the results of cracking properties due to serviceable load when, assuming a RC section, the force applied on the main reinforcement attains the long-term allowable stress, 215 N/mm 2 . In addition, Fig. 18 shows the deflection at the long-term allowable stress.
The maximum crack width did not increase with the use of the oil-type agent. This may be considered due to the fact that the effect of the bond of recycled coarse aggregate is smaller than that of ordinary aggregate. However, this should pose no problem in practical use, because for all the levels, the extent of cracking is significantly smaller than 0.3 mm, which is the allowable crack width to ensure resistance to degradation in a general environment as specified in Recommendations for Practice of Crack Control in Reinforced Concrete Buildings (Design and Construction) (AIJ 2006) , published by the Architectural Institute of Japan. In addition, although the maximum crack spacing of recycled coarse aggregate concrete tends to be small compared with ordinary concrete, no significant difference is recognized due to the use of the oil-type agent.
Although the recycled coarse aggregate produces larger deflection in RC beams, the extent is not of great significance for practical use and the low water/cement ratio may overcome the increase in deflection.
Consequently, in this experiment, as significant degradation of crack behavior due to a surface improving treatment is not recognized, durability related cracking behavior need not be given much attention. Recycled concrete containing the oil-type agent may be applicable to structural use in combination with a surface finishing material that can restrain water penetration and follow the movement of cracks. Figure 19 shows the load-deflection curves of RC beams. All specimens collapsed due to the failure of concrete at the ultimate compression fiber.
Plastic behavior
No significant difference in yielding moment and ultimate moment is recognized between recycled coarse aggregate concrete and ordinary concrete. The loaddeflection curves are similar to those obtained by Sato (Sato et al. 2000) and Mukai (Mukai et al. 1979) as well as those of ordinary concrete, and no influence of the oil-type agent is recognized in any of the specimens. Further, the observed concrete strains at ultimate compression fiber were constant, nearly 3500 u, in this study. Figure 20 shows a comparison of measured values and calculated values obtained by using equivalent compres-
No sive stress on Bernoulli's Euler's assumption, when the compressive edge strain reaches 3500 u. First, the measured values are considered to be almost the same degree for all levels. No significant difference is found compared with ordinary concrete. Moreover, the measured values match the calculated values. Thus the ultimate strength can be assessed for the concrete using an oil-type agent.
In this experiment, many cracks occurred in the range from yielding point to ultimate point in the concrete containing aggregate treated with surface improving agent. The cracking after the yielding point may be effective from the viewpoint of aggregate recovery at the demolition of a structure. However, as this action may reduce compressive strength under positive-negative cyclic load conditions, further discussion is warranted. The shear property of concrete in the reinforced concrete is also needed for structural design of RC structure. Then, the shear property of concrete as well as the test under positive-negative cyclic load conditions will be discussed in future.
Based on the above results, it is difficult to consider that the bending of reinforced concrete beams is problematic in practical use because the oil-type agent has efficient performance in strength as well as cracking resistance. An oil-type agent would be sufficiently applicable to structural materials if yielding of reinforcement were made to occur in advance by making the reinforcement ratio less than the balanced steel ratio.
Conclusions
The following concluding remarks were obtained through the experiments.
(1) A surface improving agent reduced water absorption of low-and middle-quality recycled aggregate. (2) For the middle-quality level, sufficient fluidity can be achieved by using the air-dry condition of aggregate finished with surface improving agent. On the other hand, it is concluded that in the use of low-quality aggregate containing an abundant amount of fine particles, adjustment of the admixture is needed to prevent a decrease in fluidity. (3) As the oil-type agent does not degrade the mechanical properties of concrete significantly, it can be used for the surface improvement of recycled aggregate in structural concrete. By contrast, the silane-type agent decreases the strength significantly. The calculation of the strength by using a universal estimating equation is difficult. To use aggregate finished with a silane-type agent, reconsideration based on the collection of additional data is needed. (4) As the peeling-off effect of aggregate treated with a silane-type agent is significantly higher than that of untreated aggregate, a silane-type agent is very effective from the viewpoint of aggregate recovery. On the other hand, an oil-type agent has high peeling-off effect for hard aggregate such as river gravel of rounded smooth grain. The middlequality recycled aggregate finished with an oiltype agent is not so high in the peeling-area percentage compared with non-treated aggregate. It is concluded that an oil-type agent is effective to improve the recovery percentage even though the peeling-off effect is not high for all levels. (5) For both W/C = 60% and 40%, the aggregate concrete finished with oil-type surface improving agent is most resistant to carbonation. (6) The oil-type agent possibly reduces drying shrinkage of recycled aggregate concrete with W/C of 60% to that of ordinary concrete. (7) The creep deformation of recycled aggregate concrete treated with the oil-type agent is not significantly different from that of concrete with untreated aggregate. (8) Although the recycled aggregate treated with the oil-type agent reduces the resistance to bending cracking, the crack width never exceeds 0.3 mm, which is the threshold limit value from the viewpoint of durability. This indicates that recycled aggregate concrete treated with the oil-type agent may be applicable to structural use combined with a surface finishing material that can restrain water penetration and follow the movement of cracks. (9) The bending strength of RC beams made using recycled aggregate treated with the oil-type agent is comparable to that of ordinary concrete and the load at which cracks occur may be estimated. In addition, ultimate strength also can be estimated assuming that the concrete strain at ultimate compression fiber is 3500 u. (10) It is difficult to consider that the bending of reinforced concrete beam is problematic in practical terms because the oil-type agent has efficient performance in strength as well as cracking resistance. An oil-type agent would be sufficiently usable for structural materials if yielding of reinforcement were made to occur in advance by making the reinforcement ratio less than the balanced steel ratio.
